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Description
Technical Field

[0001] The present invention relates to a passively Q-
switched element using a saturable absorber, and more
specifically, to a passively Q-switched element having a
mode selection function or the like.

Background Art

[0002] Itis known that a saturable absorber is a mate-
rial whose transmittance changes depending on the ab-
sorption amount of light, and serves as a Q-switched de-
vice only by being inserted into a laser resonator. The
saturable absorber suppresses laser oscillation in a
weakly excited state, but when alaser material is strongly
excited, and a gain becomes higher than a loss in a res-
onator including a loss caused by the absorption by the
saturable absorber, laser oscillation starts in the resona-
tor. In this case, when the saturable absorber absorbs
strong laser light, the absorption is saturated due to the
depletion of lower-level ions, and the saturable absorber
abruptly becomes transparent with respect to laser light.
As aresult of this operation, the Q-value of the resonator
increases, and Q-switch oscillation occurs.

[0003] As an example of a passively Q-switched laser,
there has been reported a passively Q-switched laser
including a semiconductor laser, a combined optical sys-
tem, a slab-type laser material, a total reflection mirror,
an output mirror, and a saturable absorber (see Non Pat-
ent Literature 1).

[0004] A general solid-state pulse laser as disclosed
in Non Patent Literature 1 oscillates in a great number
of high-order modes. The spread of laser light oscillating
in a high-order mode is spatially large, compared to laser
lightin a single mode, and hence only oscillation in a low-
order mode may occur if an aperture is limited to be small.
[0005] Therefore, in a related-art laser device, there
has been proposed a laser device which suppresses the
surrounding oscillation in an unnecessary mode with a
shielding plate having minute holes serving as a trans-
verse mode selection element in a resonator (see Patent
Literature 1).

[0006] Further, as an example of a related-art solid-
state laser device, there has been proposed a laser de-
vice inwhich a center portion of an output mirror is applied
with a partial reflection coat and the outer circumferential
portion thereof is applied with an antireflecting coat, to
thereby control a mode in a resonator (see Patent Liter-
ature 2).

Citation List
Patent Literature

[0007]
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[PTL 1] JP 06-26273 B (page. 4, FIG. 1)
[PTL 2] JP 2980788 B (page. 24, FIG. 1)

Non Patent Literature

[0008] [NPL 1] W. Koechner, "Solid-State Laser Engi-
neering", Sixth Revised and Updated Edition, P. 528, Fig
8.29, 2006

Summary of Invention
Technical Problem

[0009] In the case where a shielding plate having
minute holes used in the related-art solid-state laser de-
vice disclosed in Patent Literature 1 is inserted into a
resonator of a Q-switched pulse laser, there is a problem
in that the laser power in the resonator increases locally
due to the diffraction by an edge portion of each hole of
the shielding plate, with the result that optical compo-
nents in the resonator are burnt. Further, there is also a
problem in that the number of components in the reso-
nator increases, which necessitates the adjustment of an
optical axis of the shielding plate, resulting in the enlarge-
ment of the laser device and the increase in cost and
number of man-hours. Further, there is also a problem
in that the use of the above-mentioned shielding plate
cannot be applied to a waveguide type laser in which a
mode cannot be controlled spatially.

[0010] The related-art solid-state laser device dis-
closed in Patent Literature 2 has a problem in that a
processing cost increases due to the presence of coat-
ings having different reflectances in the output mirror.
Further, there is a problem in that it is generally difficult
to provide a distribution in reflectance through use of
coatings in the above-mentioned region in a waveguide
laser having a waveguide thickness of severalto 100 um,
and hence providing a distribution in reflectance through
use of coatings cannot be applied to a waveguide type
laser.

[0011] The presentinvention has been achieved so as
to solve the above-mentioned problems, and it is an ob-
ject of the present invention to provide a passively Q-
switched element or the like, which enables mode selec-
tion without increasing the number of components in a
resonator in a Q-switched pulse laser that oscillates in a
great number of high-order modes and the like and which
is also applicable to a waveguide type laser in which a
mode cannot be controlled spatially.

Solution to Problems

[0012] The presentinvention generally provides a pas-
sively Q-switched element or the like having a mode se-
lection function by combining a saturable absorber with
a transparent material which is transparent to a laser os-
cillation wavelength.
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Advantageous Effects of Invention

[0013] The presentinvention can provide the passively
Q-switched element or the like which enables the mode
selection without increasing the number of components
in the resonator in the passively Q-switched laser device
that oscillates in a great number of high-order modes,
including a waveguide type laser.

Brief Description of Drawings
[0014]

FIG. 1 is structural view illustrating a passively Q-
switched element according to Embodiment 1 of the
present invention.

FIG. 2 is a structural view of a passively Q-switched
laser device using the passively Q-switched element
according to Embodiment 1 of the present invention.
FIG. 3 is a structural view illustrating a planar
waveguide type passively Q-switched element ac-
cording to Embodiment 2 of the present invention.
FIG. 4 is a structural view of a planar waveguide type
passively Q-switched laser device using the planar
waveguide type passively Q-switched element ac-
cording to Embodiment 2 of the present invention.
FIG. 5 is a structural view illustrating a planar
waveguide type passively Q-switched element ac-
cording to Embodiment 3 of the present invention.
FIG. 6is a structural view of a planar waveguide type
passively Q-switched laser device using the planar
waveguide type passively Q-switched element ac-
cording to Embodiment 3 of the present invention.
FIG. 7 is graph showing simulation results according
to a beam propagation method (BPM) of the planar
waveguide type passively Q-switched element ac-
cording to Embodiment 3 of the present invention.
FIG. 8 is a structural view illustrating a passively Q-
switched element according to Embodiment 4 of the
present invention.

FIG. 9 is a structural view of a passively Q-switched
laser device using the passively Q-switched element
according to Embodiment 4 of the present invention.
FIG. 10 is a structural view illustrating a planar
waveguide type passively Q-switched element ac-
cording to Embodiment 5 of the present invention.
FIG. 11 is a structural view of a planar waveguide
type passively Q-switched laser device using the pla-
nar waveguide type passively Q-switched element
according to Embodiment 5 of the present invention.
FIG. 12 is a structural view illustrating a planar
waveguide type passively Q-switched element ac-
cording to Embodiment 6 of the present invention.
FIG. 13 is a structural view of a planar waveguide
type passively Q-switched laser device using the pla-
nar waveguide type passively Q-switched element
according to Embodiment 6 of the present invention.
FIG. 14 is a structural view illustrating a ridge
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waveguide type passively Q-switched element ac-
cording to Embodiment 7 of the present invention.
FIG. 15is a structural view of a ridge waveguide type
passively Q-switched laser device using the ridge
waveguide type passively Q-switched element ac-
cording to Embodiment 7 of the present invention.

[0015] Description of Embodiments

[0016] Now, apassively Q-switched element or the like
according to the present invention is described by way
of each embodiment with reference to the drawings.

Embodiment 1

[0017] FIG. 1is astructural view illustrating a passively
Q-switched element 1 according to Embodiment 1 of the
present invention. In FIG. 1, the passively Q-switched
element 1 includes a ring-shaped saturable absorber 2
and a disk-shaped (cylindrical shape in which the cross-
section perpendicular to the propagation direction of la-
ser light has a circular shape, which similarly applies to
the following) transparent material 3, and the saturable
absorber 2 is optically bonded to the circumference of
the transparent material 3 (over the entire circumference
of the laser light propagation direction axis, which simi-
larly applies to the following). The transparent material 3
is amaterial transparent to a laser oscillation wavelength.
[0018] In the passively Q-switched element 1, the sat-
urable absorber 2 and the transparent material 3 having
substantially the same or the same refractive index and
thermal expansion coefficient are used. For example, it
is appropriate that a host material (base material crystal)
of the saturable absorber 2 is used for the transparent
material 3. When the refractive index difference between
the saturable absorber 2 and the transparent material 3
is large, a loss caused by a wavefront aberration increas-
es, and hence the refractive index difference is preferred
to be small. For example, in order to set the wavefront
aberration /4 or less at a p-v value (wavefront aberration
loss of 0.012), assuming that the wavelength is 1,064 nm
and the thickness of the passively Q-switched element
1 is 1 mm, the refractive index difference between the
saturable absorber 2 and the transparent material 3 is
estimated by the following expression:

Aprms=1/4>AnxL/A

where Apgyg=wavefront aberration

An: refractive index difference

L: thickness of passively Q-switched element 1

A: wavelength

Thus, itis required that the refractive index difference be
0.000266 or less.

[0019] For example, in the case of using Cr4*:YAG or
V3+:.YAG for the saturable absorber 2, it is appropriate
to use additive-free YAG having a refractive index (about
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1.83) and a thermal expansion coefficient (about
7.8X106/K) close to those of Cr4*:YAG or V3*:YAG for
the transparent material 3.

[0020] Further, in the case of using Co:Spinel for the
saturable absorber 2, it is appropriate to use additive-
free Spinel having a refractive index (about 1.70) and a
thermal expansion coefficient (about 7.45%x10-6/K) for
the transparent material 3.

[0021] Further, in the case of using Co2+:ZnSe or
Cr2+:ZnSe for the saturable absorber 2, it is appropriate
to use additive-free ZnSe having a refractive index (about
2.49) and a thermal expansion coefficient (about
7.6x106/K) for the transparent material 3. In the case of
using Co2+:ZnS or Cr2+:ZnS for the saturable absorber
2, it is appropriate to use additive-free ZnS having a re-
fractive index (about 2.29) and a thermal expansion co-
efficient (about 6.5% 10-6/K) for the transparent material
3.

[0022] Further, the saturable absorber 2 and the trans-
parent material 3 are optically connected to each other,
and for example, there is a method of integrally sintering
the saturable absorber 2 and the transparent material 3
with a ceramics material.

[0023] Further, there is a method of integrally bonding
the saturable absorber 2 to the transparent material 3
through diffusion bonding.

[0024] Further, there is a method of integrally bonding
the saturable absorber 2 to the transparent material 3
through surface-activated bonding.

[0025] Further, there is a method of integrally bonding
the saturable absorber 2 to the transparent material 3
through optical contact.

[0026] Further, there is a method of causing the satu-
rable absorber 2 to adhere to the transparent material 3
integrally with an optical adhesive.

[0027] Next, an operation is described. FIG. 2 is a
structural view of a passively Q-switched laser device 11
using the passively Q-switched element 1. In FIG. 2, the
passively Q-switched laser device 11 includes the pas-
sively Q-switched element 1, a semiconductor laser 12,
an excitation optical system 13, a total reflection mirror
14, a laser material 15, and an output mirror 16. AX rep-
resents a laser light propagation direction axis (the same
applies to the following).

[0028] Note that, the semiconductor laser 12 serves
as an excitation light source for the laser material 15, and
the total reflection mirror 14 and the output mirror 16 form
a spatial resonator. AX represents a laser light propaga-
tion direction axis.

[0029] Excitation light PL is output from the semicon-
ductor laser 12. The excitation light PL is shaped by the
excitation optical system 13 so as to be collimated light
in the laser material 15 and passes through the total re-
flection mirror 14 to enter the laser material 15. The laser
material 15 is excited with the excitation light PL to gen-
erate spontaneous emission light. Part of the spontane-
ous emission light reciprocates between the total reflec-
tion mirror 14 and the output mirror 16 and is amplified
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every time the light passes through the laser material 15.
[0030] When a gain increases due to a loss in a reso-
nator including a loss caused by the absorption by the
saturable absorber 2, laser oscillation starts in the reso-
nator. At a time of circulation where laser oscillation oc-
curs, due to the passively Q-switched element 1, a com-
ponent of resonance light CL which propagates through
the saturable absorber 2 present on an outer side of the
passively Q-switched element 1 is absorbed by the sat-
urable absorber 2, and a component of the resonance
light CL which propagates through the transparent ma-
terial 3 present in the center portion of the passively Q-
switched element 1 passes therethrough without any
loss. Therefore, aloss of high-order mode lightincreases,
and only light in a low-order mode oscillates. When os-
cillation occurs, the saturable absorber 2 absorbs laser
light to become transparent. Therefore, a loss becomes
small, and Q-switched pulse light in a low-order mode is
generated with satisfactory efficiency. Part of the Q-
switched pulse light is extracted from the output mirror
16 as oscillation light OL.

[0031] The total reflection mirror 14 and the output mir-
ror 16 may be formed by integrally providing dielectric
films on an end surface of the laser material 15 and an
end surface of the passively Q-switched element 1, re-
spectively. Thus, a device can be miniaturized.

[0032] Although the transparent material 3 is formed
into a circular shape (disk shape), the transparent mate-
rial may be formed into arectangular shape (cubic shape:
the shape of a cross-section perpendicular to the prop-
agation direction of laser light is rectangular, which sim-
ilarly applies to the following) and the saturable absorber
2 may be bonded to the circumference of the transparent
material. Forming the transparent material into a cubic
shape is effective in the case where the horizontal direc-
tionand the vertical direction of a beam can be separated.
[0033] As described above, in the passively Q-
switched element 1 according to Embodiment 1 of the
present invention, the ring-shaped saturable absorber 2
is optically bonded to the circumference of the disk-
shaped transparent material 3. Therefore, the passively
Q-switched element 1 is allowed to have a mode selec-
tion function besides the original Q-switch function, and
Q-switched pulse light in a low-order mode with satisfac-
tory efficiency can be obtained without changing the size
of a laser device.

Embodiment 2

[0034] FIG. 3 is a structural view illustrating a planar
waveguide type passively Q-switched element 21 ac-
cording to Embodiment 2 of the presentinvention. InFIG.
3, the planar waveguide type passively Q-switched ele-
ment 21 includes a first saturable absorber 22a having
a planar shape (for example, a rectangular plate shape
which is flat in a propagation direction of laser light, which
similarly applies to the following), a second saturable ab-
sorber 22b having a planar shape, and a transparent ma-
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terial 23 having a planar shape.

[0035] Thefirstsaturable absorber22aand the second
saturable absorber 22b are respectively bonded optically
to two opposed surfaces (principal planes, which similarly
applies to the following) of the transparent material 23,
and a surface (principal plane on an outer side) of the
firstsaturable absorber 22a opposed to the surface bond-
ed to the transparent material 23 and a surface (principal
plane on an outer side) of the second saturable absorber
22b opposed to the surface bonded to the transparent
material 23 form a waveguide.

[0036] In the planar waveguide type passively Q-
switched element 21, the transparent material 23 is
formed of a material having a thermal expansion coeffi-
cient substantially equal to or equal to those of the first
saturable absorber 22a and the second saturable ab-
sorber 22b so as to suppress cracking caused by a stress
during bonding. Further, the transparent material 23 is
formed of a material having a refractive index lower than
those of the first saturable absorber 22a and the second
saturable absorber 22b so as to suppress reflection at
interfaces with respect to the first saturable absorber 22a
and the second saturable absorber 22b.

[0037] For example, in the case where the first satu-
rable absorber 22a and the second saturable absorber
22b are formed of Cr4*:YAG or VV3*:YAG, itis appropriate
to use additive-free YAG having a refractive index (about
1.83) and a thermal expansion coefficient (about
7.8x10°6/K) close to those of Cr4*:YAG or V3+:YAG for
the transparent material 23.

[0038] Further, in the case of using Co:Spinel for the
first saturable absorber 22a and the second saturable
absorber 22b, it is appropriate to use additive-free Spinel
having a refractive index (about 1.70) and a thermal ex-
pansion coefficient (about 7.45x 10-6/K) for the transpar-
ent material 23.

[0039] Further, in the case of using Co2+:ZnSe or
Cr2+:ZnSe for the first saturable absorber 22a and the
second saturable absorber 22b, it is appropriate to use
additive-free ZnSe having a refractive index (about 2.49)
and a thermal expansion coefficient (about 7.6 10-6/K)
for the transparent material 23, and in the case of using
Co2+:ZnS or Cr2+:ZnS for the first saturable absorber
22a and the second saturable absorber 22b, it is appro-
priate to use additive-free ZnS having a refractive index
(about 2.29) and a thermal expansion coefficient (about
6.5x10-6/K) for the transparent material 23.

[0040] Further, the first saturable absorber 22a and the
second saturable absorber 22b are optically connected
to the transparent material 23, and for example, there is
a method of integrally sintering the first saturable absorb-
er 22a and the second saturable absorber 22b, and the
transparent material 23 with a ceramics material.
[0041] Further, there is a method of integrally bonding
the first saturable absorber 22a and the second saturable
absorber 22b to the transparent material 23 through dif-
fusion bonding.

[0042] Further, there is a method of integrally bonding
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the first saturable absorber 22a and the second saturable
absorber 22b to the transparent material 23 through sur-
face-activated bonding.

[0043] Further, there is a method of integrally bonding
the first saturable absorber 22a and the second saturable
absorber 22b to the transparent material 23 through op-
tical contact.

[0044] Further, there is a method of causing the first
saturable absorber 22a and the second saturable ab-
sorber 22b to adhere to the transparent material 23 inte-
grally with an optical adhesive.

[0045] Next, an operation is described. FIG. 4 is a
structural view of a planar waveguide type passively Q-
switched laser device 31 using the planar waveguide type
passively Q-switched element 21. In FIG. 4, the planar
waveguide type passively Q-switched laser device 31
includes the planar waveguide type passively Q-
switched element 21, a planar waveguide type semicon-
ductor laser 32, an excitation optical system 33, a total
reflection mirror 34, a laser material 35, and an output
mirror 36.

[0046] Note that, the semiconductor laser 32 serves
as an excitation light source for the laser material 35, and
the total reflection mirror 34 and the output mirror 36 form
a planar waveguide type resonator.

[0047] Excitation light PL is output from the semicon-
ductor laser 32 and is shaped by the excitation optical
system 33 so as to be collimated light in a waveguide
horizontal direction without being lost in a waveguide ver-
tical direction in the planar waveguide type laser material
35. Then, the excitation light PL passes through the total
reflection mirror 34 to enter the planar waveguide type
laser material 35. The planar waveguide type laser ma-
terial 35 is excited with the excitation light PL to generate
spontaneous emission light. Part of the spontaneous
emission light reciprocates between the total reflection
mirror 34 and the output mirror 36 and is amplified every
time the light passes through the planar waveguide type
laser material 35.

[0048] When a gain increases due to a loss in a reso-
nator including a loss caused by the absorption by the
first saturable absorber 22a and the second saturable
absorber 22b, laser oscillation starts in the resonator. At
a time of circulation where laser oscillation occurs, due
to the planar waveguide type passively Q-switched ele-
ment 21, a component of resonance light CL which prop-
agates through the first saturable absorber 22a and the
second saturable absorber 22b provided on outer sides
of the waveguide of the planar waveguide type passively
Q-switched element 21 is absorbed by the first saturable
absorber 22a and the second saturable absorber 22b,
and a component of the resonance light CL which prop-
agates through the transparent material 23 provided in
the center portion of the passively Q-switched element
21 passes therethrough without any loss. Therefore, a
loss of high-order mode light increases, and only light in
alow-order mode oscillates. When oscillation occurs, the
first saturable absorber 22a and the second saturable
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absorber 22b absorb laser light to become transparent.
Therefore, a loss becomes small, and Q-switched pulse
light in a low-order mode is generated with satisfactory
efficiency. Part of the Q-switched pulse light is extracted
from the output mirror 36 as oscillation light OL.

[0049] The total reflection mirror 34 and the output mir-
ror 36 may be formed by integrally providing dielectric
films on an end surface of the planar waveguide type
laser material 35 and an end surface of the planar
waveguide type passively Q-switched element 21, re-
spectively. Thus, a device can be miniaturized.

[0050] As described above, in the planar waveguide
type passively Q-switched element 21 according to Em-
bodiment 2 of the present invention, the first saturable
absorber 22a and the second saturable absorber 22b are
respectively bonded optically to two opposed surfaces
of the transparent material 23, and the surface (principal
plane on an outer side) of the first saturable absorber
22a opposed to the surface bonded to the transparent
material 23 and the surface (principal plane on an outer
side) of the second saturable absorber 22b opposed to
the surface bonded to the transparent material 23 form
a waveguide. Therefore, the planar waveguide type pas-
sively Q-switched element 21 is allowed to have a mode
selection function besides the original Q-switch function,
and Q-switched pulse light in a low-order mode with sat-
isfactory efficiency can be obtained without changing the
size of a laser device. Further, it becomes possible to
control a mode also in a waveguide in which a mode
cannot be controlled spatially.

Embodiment 3

[0051] FIG. 5 is a structural view illustrating a planar
waveguide type passively Q-switched element 41 ac-
cording to Embodiment 3 of the presentinvention. In FIG.
5, the planar waveguide type passively Q-switched ele-
ment 41 includes a first saturable absorber 42a having
a planar shape, a second saturable absorber 42b having
aplanar shape, a transparent material 43 having a planar
shape, a first cladding film 44a, and a second cladding
film 44b.

[0052] Thefirstsaturable absorber42aand the second
saturable absorber 42b are respectively bonded optically
to two opposed surfaces of the transparent material 43.
The first cladding film 44a is provided on a surface of the
firstsaturable absorber42a opposed to the surface bond-
ed to the transparent material 43, and the second clad-
ding film 44b is provided on a surface of the second sat-
urable absorber 42b opposed to the surface bonded to
the transparent material 43. The surface (principal plane
on an outer side) of the first saturable absorber 42a op-
posed to the surface bonded to the transparent material
43 and the surface (principal plane on an outer side) of
the second saturable absorber 42b opposed to the sur-
face bonded to the transparent material 43 form a
waveguide.

[0053] In the planar waveguide type passively Q-
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switched element 41, the transparent material 43 is
formed of a material having a thermal expansion coeffi-
cient substantially equal to or equal to those of the first
saturable absorber 42a and the second saturable ab-
sorber 42b so as to suppress cracking caused by a stress
during bonding. Further, the transparent material 43 is
formed of a material having a refractive index lower than
those of the first saturable absorber 42a and the second
saturable absorber 42b so as to suppress reflection at
interfaces with respect to the first saturable absorber 42a
and the second saturable absorber 42b. The first clad-
ding film 44a and the second cladding film 44b are each
formed of a material having a refractive index lower than
those of the first saturable absorber 42a and the second
saturable absorber 42b.

[0054] For example, in the case where the first satu-
rable absorber 42a and the second saturable absorber
42b are formed of Cré4*:YAG or V3*:YAG, it is appropriate
to use additive-free YAG having a refractive index (about
1.83) and a thermal expansion coefficient (about
7.8x106/K) close to those of Cr4*:YAG or V3*:YAG for
the transparent material 43, and to use SiO, (refractive
index: about 1.45), Al,O4 (refractive index: about 1.61),
M, (refractive index: about 1.62), M5 (refractive index:
about 1.74), or Y,05 (refractive index: about 1.81) for the
first cladding film 44a and the second cladding film 44b.
[0055] Further, in the case of using Co:Spinel for the
first saturable absorber 42a and the second saturable
absorber 42b, it is appropriate to use additive-free Spinel
having a refractive index (about 1.70) and a thermal ex-
pansion coefficient (about 7.45x 10-¢/K) for the transpar-
ent material 43, and to use SiO, (refractive index: about
1.45), Al,O5 (refractive index: about 1.61), or M, (refrac-
tive index: about 1.62) for the first cladding film 44a and
the second cladding film 44b.

[0056] Further, in the case of using Co2+:ZnSe or
Cr2+:ZnSe for the first saturable absorber 42a and the
second saturable absorber 42b, it is appropriate to use
additive-free ZnSe having a refractive index (about 2.49)
and a thermal expansion coefficient (about 7.6X 10-6/K)
for the transparent material 43, and in the case of using
Co2+:ZnS or Cr2+:ZnS for the first saturable absorber
42a and the second saturable absorber 42b, it is appro-
priate to use additive-free ZnS having a refractive index
(about 2.29) and a thermal expansion coefficient (about
6.5%X106/K) for the transparent material 43, and to use
SiO, (refractive index: about 1.45), Al,O4 (refractive in-
dex: about 1.61), M, (refractive index: about 1.62), M,
(refractive index: about 1.74), Y,05 (refractive index:
about 1.81), HfO5 (refractive index: about 1.90), or Ta,O5
(refractive index: about 2.09) for the first cladding film
44a and the second cladding film 44b.

[0057] Further, the first saturable absorber 42a and the
second saturable absorber 42b are optically connected
to the transparent material 43, and for example, there is
amethod of integrally sintering the first saturable absorb-
er 42a and the second saturable absorber 42b, and the
transparent material 43 with a ceramics material.
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[0058] Further, there is a method of integrally bonding
the first saturable absorber 42a and the second saturable
absorber 42b to the transparent material 43 through dif-
fusion bonding.

[0059] Further, there is a method of integrally bonding
the first saturable absorber 42a and the second saturable
absorber 42b to the transparent material 43 through sur-
face-activated bonding.

[0060] Further, there is a method of integrally bonding
the first saturable absorber 42a and the second saturable
absorber 42b to the transparent material 43 through op-
tical contact.

[0061] Further, there is a method of causing the first
saturable absorber 42a and the second saturable ab-
sorber 42b to adhere to the transparent material 43 inte-
grally with an optical adhesive.

[0062] Next, an operation is described. FIG. 6 is a
structural view of a planar waveguide type passively Q-
switched laser device 51 using the planar waveguide type
passively Q-switched element 41. In FIG. 6, the planar
waveguide type passively Q-switched laser device 51
includes the planar waveguide type passively Q-
switched element 41, a semiconductor laser 52, an ex-
citation optical system 53, a total reflection mirror 54, a
planar waveguide type laser material 55, and an output
mirror 56.

[0063] Note that, the semiconductor laser 52 serves
as an excitation light source for the laser material 55, and
the total reflection mirror 54 and the output mirror 56 form
a planar waveguide type resonator.

[0064] Excitation light PL is output from the semicon-
ductor laser 52 and is shaped by the excitation optical
system 53 so as to be collimated light in a waveguide
horizontal direction without being lostin a waveguide ver-
tical direction in the planar waveguide type laser material
55. Then, the excitation light PL passes through the total
reflection mirror 54 to enter the planar waveguide type
laser material 55. The planar waveguide type laser ma-
terial 55 is excited with the excitation light PL to generate
spontaneous emission light. Part of the spontaneous
emission light reciprocates between the total reflection
mirror 54 and the output mirror 56 and is amplified every
time the light passes through the planar waveguide type
laser material 55.

[0065] When a gain increases due to a loss in a reso-
nator including a loss caused by the absorption by the
first saturable absorber 42a and the second saturable
absorber 42D, laser oscillation starts in the resonator. At
a time of circulation where laser oscillation occurs, due
to the planar waveguide type passively Q-switched ele-
ment 41, a component of resonance light CL which prop-
agates through the first saturable absorber 42a and the
second saturable absorber 42b present on outer sides
of the waveguide of the planar waveguide type passively
Q-switched element 41 is absorbed by the first saturable
absorber 42a and the second saturable absorber 42b,
and a component of the resonance light CL which prop-
agates through the transparent material 43 present in the
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center portion of the passively Q-switched element 41
passes therethrough without any loss. Therefore, a loss
of high-order mode light increases, and only light in a
low-order mode oscillates. When oscillation occurs, the
first saturable absorber 42a and the second saturable
absorber 42b absorb laser light to become transparent.
Therefore, a loss becomes small, and Q-switched pulse
light in a low-order mode is generated with satisfactory
efficiency. Part of the Q-switched pulse light is extracted
from the output mirror 56 as oscillation light OL.

[0066] The total reflection mirror 54 and the output mir-
ror 56 may be formed by integrally providing dielectric
films on an end surface of the planar waveguide type
laser material 55 and an end surface of the planar
waveguide type passively Q-switched element 41, re-
spectively. Thus, a device can be miniaturized.

[0067] Next, an example of simulation is described.
FIG. 7 shows simulation results according to a beam
propagation method (BPM).

[0068] An (a)in FIG. 7 shows an intensity distribution
before and after the transmission at a time when a tophat
beam having a beam diameter of 200 wm assuming high-
order mode light enters a waveguide in which the first
saturable absorber 42a and the second saturable ab-
sorber 42b are formed of Cr4*:YAG (refractive index:
1.813, attenuation coefficient: 4.2x105 (corresponding
to absorption coefficient of about 5 cm-1)) having a thick-
ness of 50 um (=um), the transparent material 43 is
formed of additive-free YAG (refractive index: 1.813) hav-
ing a thickness of 100 um, and the first cladding film 44a
and the second cladding film 44b are formed of Al,O4
(refractive index: 1.613) having a thickness of 0.4 um.
[0069] A (b) in FIG. 7 shows an intensity distribution
before and after the transmission at a time when a Gaus-
sian beam having a beam diameter of 200 um (1/e2)
assuming low-order mode light enters the above-men-
tioned waveguide.

[0070] As aresult, inthe case where the incident beam
has a tophat shape (case of (a) in FIG. 7), the transmit-
tance is estimated to be 0.33, whereas in the case where
the incident beam has a Gaussian shape (case of (b) in
FIG. 7), the transmittance is estimated to be 0.69. Thus,
it is found that a loss is larger in high-order mode light.
[0071] The resonance light CL in a vertical direction
propagates through a waveguide, and the resonance
light CL in a horizontal direction propagates in a radiation
mode. It has been described that a low-order mode can
be achieved in the vertical direction by providing the sat-
urable absorbers (42a, 42b). A low-order mode can also
be achieved in the horizontal direction by providing a sat-
urable absorber 122 and cladding films 124a to 124d
over the entire circumference of a laser light propagation
direction axis of a laser material 123 corresponding to a
transparent material, as in a ridge waveguide type Q-
switched element 121 illustrated in FIG. 14.

[0072] Even in the case of the planar waveguide type
passively Q-switched laser device, saturable absorbers
or further cladding films are provided in the horizontal
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direction as well as in the vertical direction of the trans-
parent material or the laser material of the planar
waveguide type passively Q-switched element (over the
entire circumference of the laser light propagation direc-
tion axis). The shape of the saturable absorber and the
cladding film may be any shape such as a combination
of planar shapes, a ring shape, or the like.

[0073] As described above, in the planar waveguide
type passively Q-switched element 41 according to Em-
bodiment 3 of the present invention, the first saturable
absorber 42a and the second saturable absorber 42b are
respectively bonded optically to two opposed surfaces
of the transparent material 43, and the surface (principal
plane on an outer side) of the first saturable absorber
42a opposed to the surface bonded to the transparent
material 43 and the surface (principal plane on an outer
side) of the second saturable absorber 42b opposed to
the surface bonded to the transparent material 43 form
a waveguide. Therefore, the passively Q-switched ele-
ment 41 is allowed to have a mode selection function
besides the original Q-switch function, and Q-switched
pulselightin a low-order mode with satisfactory efficiency
can be obtained without changing the size of a laser de-
vice. Further, it becomes possible to control a mode also
in a waveguide in which a mode cannot be controlled
spatially.

Embodiment 4

[0074] FIG. 8isastructural view illustrating a passively
Q-switched element 61 according to Embodiment 4 of
the presentinvention. In FIG. 8, the passively Q-switched
element 61 includes a ring-shaped saturable absorber
62 and a disk-shaped laser material 63, and the saturable
absorber 62 is optically bonded to the circumference of
the laser material 63.

[0075] Inthe passively Q-switched element61, the sat-
urable absorber 62 and the laser material 63 having sub-
stantially the same or the same refractive index and ther-
mal expansion coefficient are used. When the refractive
index difference between the saturable absorber 62 and
the laser material 63 is large, a loss caused by a wave-
frontaberrationincreases, and hence the refractive index
difference is preferred to be small. In order to set the
wavefront aberration A/4 or less at a p-v value (wavefront
aberration loss of 0.012), assuming that the wavelength
is 1,064 nm and the thickness of the passively Q-switched
element 61 is 1 mm, the refractive index difference be-
tween the saturable absorber 62 and the laser material
63 is estimated by the following expression:

Aprms=1/4>AnxL/A

where Apgyig=wavefront aberration
An: refractive index difference
L: thickness of passively Q-switched element 61
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A: wavelength

Thus, itis required that the refractive index difference be
0.000266 or less.

[0076] For example, in the case of using Nd:YAG or
Yb:YAG for the laser material 63, it is appropriate to use
Cr4*:YAG or V3*:YAG having a refractive index (about
1.83) and a thermal expansion coefficient (about
7.8x10°%/K) close to those of Nd:YAG or Yb:YAG, which
is used as a passively Q-switched material in a band of
0.9 to 1.3 pum, for the saturable absorber 62.

[0077] Further, the saturable absorber 62 and the laser
material 63 are optically connected to each other, and
for example, there is a method of integrally sintering the
saturable absorber 62 and the laser material 63 with a
ceramics material.

[0078] Further, there is a method of integrally bonding
the saturable absorber 62 to the laser material 63 through
diffusion bonding.

[0079] Further, there is a method of integrally bonding
the saturable absorber 62 to the laser material 63 through
surface-activated bonding.

[0080] Further, there is a method of integrally bonding
the saturable absorber 62 to the laser material 63 through
optical contact.

[0081] Further, there is a method of causing the satu-
rable absorber 62 to adhere to the laser material 63 in-
tegrally with an optical adhesive.

[0082] Next, an operation is described. FIG. 9 is a
structural view of a passively Q-switched laser device 71
using the passively Q-switched element 61. In FIG. 9,
the passively Q-switched laser device 71 includes the
passively Q-switched element 61, a semiconductor laser
72, an excitation optical system 73, a total reflection mir-
ror 74, and an output mirror 75.

[0083] Note that, the semiconductor laser 72 serves
as an excitation light source for the laser material 63 in
the passively Q-switched element 61, and the total re-
flection mirror 74 and the output mirror 75 form a spatial
resonator.

[0084] Excitation light PL is output from the semicon-
ductor laser 72. The excitation light PL is shaped by the
excitation optical system 73 so as to be collimated light
in the laser material 63 in the passively Q-switched ele-
ment 61 and passes through the total reflection mirror 74
to enter the laser material 63 in the passively Q-switched
element 61. The laser material 63 in the passively Q-
switched element 61 is excited with the excitation light
PL to generate spontaneous emission light. Part of the
spontaneous emission light reciprocates between the to-
tal reflection mirror 74 and the output mirror 75 and is
amplified every time the light passes through the laser
material 63 in the passively Q-switched element 61.
[0085] When a gain increases due to a loss in a reso-
nator including a loss caused by the absorption by the
saturable absorber 62 in the passively Q-switched ele-
ment 61, laser oscillation starts in the resonator. At a time
of circulation where laser oscillation occurs, due to the
passively Q-switched element 61, a component of reso-
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nance light CL which propagates through the saturable
absorber 62 on an outer side of the passively Q-switched
element 61 is absorbed by the saturable absorber 62,
and a component of the resonance light CL which prop-
agates through the laser material 63 in the passively Q-
switched element 61 passes therethrough without any
loss. Therefore, aloss of high-order mode lightincreases,
and only light in a low-order mode oscillates. When os-
cillation occurs, the saturable absorber 62 absorbs laser
light to become transparent. Therefore, a loss becomes
small, and Q-switched pulse light in a low-order mode is
generated with satisfactory efficiency. Part of the Q-
switched pulse light is extracted from the output mirror
75 as oscillation light OL.

[0086] The total reflection mirror 74 and the output mir-
ror 75 may be formed by integrally providing dielectric
films on end surfaces of the passively Q-switched ele-
ment 61, respectively. Thus, a device can be miniatur-
ized.

[0087] Although the laser material 63 is formed into a
circular shape (disk shape), the laser material may be
formed into a rectangular shape (cubic shape: the shape
of a cross-section perpendicular to the propagation di-
rection of laser lightis rectangular, which similarly applies
to the following) and the saturable absorber may be bond-
ed to the circumference of the laser material. Forming
the laser material in a cubic shape is effective in the case
where the horizontal direction and the vertical direction
of a beam can be separated.

[0088] As described above, in the passively Q-
switched element 61 according to Embodiment 4 of the
presentinvention, the ring-shaped saturable absorber 62
is optically bonded to the circumference of the disk-
shaped laser material 63. Therefore, the passively Q-
switched element 61 is allowed to have a mode selection
function besides the original Q-switch function, and Q-
switched pulse light in a low-order mode with satisfactory
efficiency can be obtained without changing the size of
alaserdevice. Further, the passively Q-switched element
61 also serves as a laser material, and hence a laser
device can be miniaturized.

Embodiment 5

[0089] FIG. 10 is a structural view illustrating a planar
waveguide type passively Q-switched element 81 ac-
cording to Embodiment 5 of the presentinvention. In FIG.
10, the planar waveguide type passively Q-switched el-
ement 81 includes a first saturable absorber 82a having
a planar shape, a second saturable absorber 82b having
a planar shape, and a laser material 83 having a planar
shape.

[0090] Thefirstsaturable absorber82aand the second
saturable absorber 82b are respectively bonded optically
to two opposed surfaces of the laser material 83, and a
surface (principal plane on an outer side) of the first sat-
urable absorber 82a opposed to the surface bonded to
the laser material 83 and a surface (principal plane on
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an outer side) of the second saturable absorber 82b op-
posed to the surface bonded to the laser material 83 form
a waveguide.

[0091] In the planar waveguide type passively Q-
switched element 81, the laser material 83 is formed of
a material having a thermal expansion coefficient sub-
stantially equal to or equal to those of the first saturable
absorber 82a and the second saturable absorber 82b so
as to suppress cracking caused by a stress during bond-
ing. Further, the laser material 83 is formed of a material
having a refractive index lower than those of the first sat-
urable absorber 82a and the second saturable absorber
82b so as to suppress reflection atinterfaces with respect
to the first saturable absorber 82a and the second satu-
rable absorber 82b.

[0092] For example, in the case of using Nd:YAG or
Yb:YAG for the laser material 83, it is appropriate to use
Cr4*:YAG or V3*:YAG having a refractive index (about
1.83) and a thermal expansion coefficient (about
7.8x10°%/K) close to those of Nd:YAG or Yb:YAG, which
is used as a passively Q-switched material in a band of
0.9 to 1.3 pwm, for the first saturable absorber 82a and
the second saturable absorber 82b.

[0093] For example, in the case of using Er:glass (re-
fractive index: 1.53) for the laser material 83, it is appro-
priate to use Co:Spinel having a refractive index (about
1.70) and a thermal expansion coefficient (about
7.45x106/K), Co2+:ZnSe or Cr2+:ZnSe having a refrac-
tive index (about 2.49) and a thermal expansion coeffi-
cient (about 7.6 10-6/K), or Co2+:ZnS or Cr2+:Zn$S hav-
ing a refractive index (about 2.29) and a thermal expan-
sion coefficient (about 6.5x10-6/K), which is used as an
eye-safe band passively Q-switched material, for the first
saturable absorber 82a and the second saturable ab-
sorber 82b.

[0094] Further, in the case of using Er:YAG (refractive
index: 1.813) for the laser material 83, it is appropriate
touse Co2+:ZnSe or Cr2+:ZnSe having arefractive index
(about 2.49) and a thermal expansion coefficient (about
7.6x10%/K), or Co2+:ZnS or Cr2+:ZnS having a refrac-
tive index (about 2.29) and a thermal expansion coeffi-
cient (about 6.5%106/K), which is used as an eye-safe
band passively Q-switched material, for the first saturable
absorber 82a and the second saturable absorber 82b.
[0095] In the case of using Er:YVO4 (ordinary refrac-
tive index: about 1.98, extraordinary refractive index:
about 2.18) for the laser material 83, it is appropriate to
use Co2+:ZnSe or Cr2+:ZnSe having a refractive index
(about 2.49) and a thermal expansion coefficient (about
7.6x106/K), or Co2+:Zns or Cr2+:ZnS having a refrac-
tive index (about 2.29) and a thermal expansion coeffi-
cient (about 6.5%106/K), which is used as an eye-safe
band passively Q-switched material, for the first saturable
absorber 82a and the second saturable absorber 82b.
[0096] Further, the first saturable absorber 82a and the
second saturable absorber 82b are optically connected
to the laser material 83, and for example, there is a meth-
od of integrally sintering the first saturable absorber 82a



17 EP 2 849 293 A1 18

and the second saturable absorber 82b, and the laser
material 83 with a ceramics material.

[0097] Further, there is a method of integrally bonding
the first saturable absorber 82a and the second saturable
absorber 82b to the laser material 83 through diffusion
bonding.

[0098] Further, there is a method of integrally bonding
the first saturable absorber 82a and the second saturable
absorber 82b to the laser material 83 through surface-
activated bonding.

[0099] Further, there is a method of integrally bonding
the first saturable absorber 82a and the second saturable
absorber 82b to the laser material 83 through optical con-
tact.

[0100] Further, there is a method of causing the first
saturable absorber 82a and the second saturable ab-
sorber 82b to adhere to the laser material 83 integrally
with an optical adhesive.

[0101] Next, an operation is described. FIG. 11 is a
structural view of a planar waveguide type passively Q-
switched laser device 91 using the planar waveguide type
passively Q-switched element 81. In FIG. 11, the planar
waveguide type passively Q-switched laser device 91
includes the planar waveguide type passively Q-
switched element 81, a planar waveguide type semicon-
ductor laser 92, an excitation optical system 93, a total
reflection mirror 94, and an output mirror 95.

[0102] Note that, the semiconductor laser 92 serves
as an excitation light source for the laser material 83 in
the passively Q-switched element 81, and the total re-
flection mirror 94 and the output mirror 95 form a planar
waveguide type resonator.

[0103] Excitation light PL is output from the semicon-
ductor laser 92 and is shaped by the excitation optical
system 93 so as to be collimated light in a waveguide
horizontal direction without being lostin a waveguide ver-
tical direction in the planar waveguide type passively Q-
switched element 81. Then, the excitation light PL passes
through the total reflection mirror 94 to enter the planar
waveguide type passively Q-switched element 81. The
laser material 83 in the planar waveguide type passively
Q-switched element 81 is excited with the excitation light
PL to generate spontaneous emission light. Part of the
spontaneous emission light reciprocates between the to-
tal reflection mirror 94 and the output mirror 95 and is
amplified every time the light passes through the laser
material 83 in the planar waveguide type passively Q-
switched element 81.

[0104] When a gain increases due to a loss in a reso-
nator including a loss caused by the absorption by the
first saturable absorber 82a and the second saturable
absorber 82b, laser oscillation starts in the resonator. At
a time of circulation where laser oscillation occurs, due
to the planar waveguide type passively Q-switched ele-
ment 81, a component of resonance light CL which prop-
agates through the first saturable absorber 82a and the
second saturable absorber 82b present on outer sides
of the waveguide of the planar waveguide type passively
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Q-switched element 81 is absorbed by the first saturable
absorber 82a and the second saturable absorber 82b,
and a component of the resonance light CL which prop-
agates through the laser material 83 presentin the center
portion of the passively Q-switched element 81 passes
therethrough without any loss. Therefore, a loss of high-
order mode light increases, and only light in a low-order
mode oscillates. When oscillation occurs, the first satu-
rable absorber 82a and the second saturable absorber
82b absorb laser light to become transparent. Therefore,
a loss becomes small, and Q-switched pulse light in a
low-order mode is generated with satisfactory efficiency.
Part of the Q-switched pulse light is extracted from the
output mirror 95 as oscillation light OL.

[0105] The total reflection mirror 94 and the output mir-
ror 95 may be formed by integrally providing dielectric
films on both end surfaces of the planar waveguide type
passively Q-switched element 81, respectively. Thus, a
device can be miniaturized.

[0106] As described above, in the planar waveguide
type passively Q-switched element 81 according to Em-
bodiment 5 of the present invention, the first saturable
absorber 82a and the second saturable absorber 82b are
respectively bonded optically to two opposed surfaces
of the laser material 83, and the surface (principal plane
on an outer side) of the first saturable absorber 82a op-
posed to the surface bonded to the laser material 83 and
the surface (principal plane on an outer side) of the sec-
ond saturable absorber 82b opposed to the surface bond-
ed to the laser material 83 form a waveguide. Therefore,
the planar waveguide type passively Q-switched element
81 is allowed to have a mode selection function besides
the original Q-switch function, and Q-switched pulse light
in a low-order mode with satisfactory efficiency can be
obtained. Further, the planar waveguide type passively
Q-switched element 81 also serves as a laser material,
and hence a laser device can be miniaturized, and a cou-
pling loss usually occurring between a waveguide type
laser material and a waveguide type Q-switched element
can be suppressed. Further, it becomes possible to con-
trol a mode also in a waveguide in which a mode cannot
be controlled spatially.

Embodiment 6

[0107] FIG. 12 is a structural view illustrating a planar
waveguide type passively Q-switched element 101 ac-
cording to Embodiment 6 of the presentinvention. InFIG.
12, the planar waveguide type passively Q-switched el-
ement 101 includes a first saturable absorber 102a hav-
ing a planar shape, a second saturable absorber 102b
having a planar shape, a laser material 103 having a
planar shape, a first cladding film 104a, and a second
cladding film 104b.

[0108] The first saturable absorber 102a and the sec-
ond saturable absorber 102b are respectively bonded
optically to two opposed surfaces of the laser material
103. The first cladding film 104a is provided on a surface
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of the first saturable absorber 102a opposed to the sur-
face bonded to the laser material 103, and the second
cladding film 104b is provided on a surface of the second
saturable absorber 102b opposed to the surface bonded
to the laser material 103. The surface (principal plane on
an outer side) of the first saturable absorber 102a op-
posed to the surface bonded to the laser material 103
and the surface (principal plane on an outer side) of the
second saturable absorber 102b opposed to the surface
bonded to the laser material 103 form a waveguide.
[0109] In the planar waveguide type passively Q-
switched element 101, the laser material 103 is formed
of a material having a thermal expansion coefficient sub-
stantially equal to or equal to those of the first saturable
absorber 102a and the second saturable absorber 102b
so as to suppress cracking caused by a stress during
bonding. Further, the laser material 103 is formed of a
material having a refractive index lower than those of the
first saturable absorber 102a and the second saturable
absorber 102b so as to suppress reflection at interfaces
with respect to the first saturable absorber 102a and the
second saturable absorber 102b. The first cladding film
104a and the second cladding film 104b are each formed
of a material having a refractive index lower than those
of the first saturable absorber 102a and the second sat-
urable absorber 102b.

[0110] For example, in the case of using Nd:YAG or
Yb:YAG for the laser material 103, itis appropriate to use
Cr4+:YAG or V3*:YAG having a refractive index (about
1.83) and a thermal expansion coefficient (about
7.8x10°6/K) close to those of Nd:YAG or Yb:YAG, which
is used as a passively Q-switched material in a band of
0.9 to 1.3 wm, for the first saturable absorber 102a and
the second saturable absorber 102b, and to use SiO,
(refractive index: about 1.45), Al,O5 (refractive index:
about 1.61), M, (refractive index: about 1.62), M5 (refrac-
tive index: about 1.74), or Y,O4 (refractive index: about
1.81) for the first cladding film 104a and the second clad-
ding film 104b.

[0111] For example, in the case of using Er:glass (re-
fractive index: 1.53) for the laser material 103, it is ap-
propriate to use Co:Spinel having a refractive index
(about 1.70) and a thermal expansion coefficient (about
7.45Xx10/K), Co2+:ZnSe or Cr2+:ZnSe having arefrac-
tive index (about 2.49) and a thermal expansion coeffi-
cient (about 7.6 10-6/K), or Co2+:ZnS or Cr2+:Zn$S hav-
ing a refractive index (about 2.29) and a thermal expan-
sion coefficient (about 6.5 10-6/K), which is used as an
eye-safe band passively Q-switched material, for the first
saturable absorber 102a and the second saturable ab-
sorber 102b. In the case of using Co:Spinel for the first
saturable absorber 102a and the second saturable ab-
sorber 102b, it is appropriate to use SiO, (refractive in-
dex: about 1.45), Al,O5 (refractive index: about 1.61), or
M, (refractive index: about 1.62) for the first cladding film
104a and the second cladding film 104b. Further, in the
case of using Co2+:ZnSe, Cr2+:ZnSe, Co2+:ZnS, or
Cr2+:ZnS for the first saturable absorber 102a and the
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second saturable absorber 102b, it is appropriate to use
SiO,, (refractive index: about 1.45), Al,O5 (refractive in-
dex: about 1.61), M, (refractive index: about 1.62), M5
(refractive index: about 1.74), Y,05 (refractive index:
about 1.81), HfO4 (refractive index: about 1.90), or Ta, Oy
(refractive index: about 2.09) for the first cladding film
104a and the second cladding film 104b.

[0112] Further, the first saturable absorber 102a and
the second saturable absorber 102b are optically con-
nected to the laser material 103, and for example, there
is a method of integrally sintering the first saturable ab-
sorber 102a and the second saturable absorber 102b,
and the laser material 103 with a ceramics material.
[0113] Further, there is a method of integrally bonding
the first saturable absorber 102a and the second satu-
rable absorber 102b to the laser material 103 through
diffusion bonding.

[0114] Further, there is a method of integrally bonding
the first saturable absorber 102a and the second satu-
rable absorber 102b to the laser material 103 through
surface-activated bonding.

[0115] Further, there is a method of integrally bonding
the first saturable absorber 102a and the second satu-
rable absorber 102b to the laser material 103 through
optical contact.

[0116] Further, there is a method of causing the first
saturable absorber 102a and the second saturable ab-
sorber 102b to adhere to the laser material 103 integrally
with an optical adhesive.

[0117] Next, an operation is described. FIG. 13 is a
structural view of a planar waveguide type passively Q-
switched laser device 111 using the planar waveguide
type passively Q-switched element 101. In FIG. 13, the
planar waveguide type passively Q-switched laser de-
vice 111 includes the planar waveguide type passively
Q-switched element 101, a semiconductor laser 112, an
excitation optical system 113, a total reflection mirror 114,
and an output mirror 115.

[0118] Note that, the semiconductor laser 112 serves
as an excitation light source for the laser material 103 in
the passively Q-switched element 101, and the total re-
flection mirror 114 and the output mirror 115 form a planar
waveguide type resonator.

[0119] Excitation light PL is output from the semicon-
ductor laser 112 and is shaped by the excitation optical
system 113 so as to be collimated light in a waveguide
horizontal direction without being lost in a waveguide ver-
tical direction in the planar waveguide type passively Q-
switched element 101. Then, the excitation light PL pass-
es through the total reflection mirror 114 to enter the pla-
nar waveguide type passively Q-switched element 101.
The laser material 103 in the planar waveguide type pas-
sively Q-switched element 101 is excited with the exci-
tation light PL to generate spontaneous emission light.
Part of the spontaneous emission light reciprocates be-
tween the total reflection mirror 114 and the output mirror
115 and is amplified every time the light passes through
the laser material 103 in the planar waveguide type pas-
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sively Q-switched element 101.

[0120] When a gain increases due to a loss in a reso-
nator including a loss caused by the absorption by the
first saturable absorber 102a and the second saturable
absorber 102b, laser oscillation starts in the resonator.
At atime of circulation where laser oscillation occurs, due
to the planar waveguide type passively Q-switched ele-
ment 101, acomponentof resonance light CL which prop-
agates through the first saturable absorber 102a and the
second saturable absorber 102b present on outer sides
of the waveguide of the planar waveguide type passively
Q-switched element 101 is absorbed by the first saturable
absorber 102a and the second saturable absorber 102b,
and a component of the resonance light CL which prop-
agates through the laser material 103 present in the cent-
er portion of the passively Q-switched element 101 pass-
es therethrough without any loss. Therefore, a loss of
high-order mode light increases, and only light in a low-
order mode oscillates. When oscillation occurs, the first
saturable absorber 102a and the second saturable ab-
sorber 102b absorb laser light to become transparent.
Therefore, a loss becomes small, and Q-switched pulse
light in a low-order mode is generated with satisfactory
efficiency. Part of the Q-switched pulse light is extracted
from the output mirror 115 as oscillation light OL.
[0121] The total reflection mirror 114 and the output
mirror 115 may be formed by integrally providing dielec-
tric films on both end surfaces of the planar waveguide
type passively Q-switched element 101, respectively.
Thus, a device can be miniaturized.

Embodiment 7

[0122] FIG. 14 is a structural view illustrating a ridge
waveguide type passively Q-switched element 121 ac-
cording to Embodiment 7 of the present invention. In FIG.
14, the ridge waveguide type passively Q-switched ele-
ment 121 includes a saturable absorber 122 having a
cubic shape in which the center is hollow, a laser material
or a transparent material 123 having a cubic shape, a
first cladding film 124a, a second cladding film 124b, a
third cladding film 124c, and a fourth cladding film 124d.
[0123] The saturable absorber 122 is optically bonded
to all the surfaces of the laser material 123 parallel to an
optical axis. The first to fourth cladding films 124a to 124d
are provided on surfaces of the saturable absorber 122
opposed to the surfaces bonded to the laser material
123, and the saturable absorber 122 and the surfaces
(principal planes on outer sides) opposed to the surfaces
bonded to the laser material 123 form a waveguide.

[0124] In the ridge waveguide type passively Q-
switched element 121, the laser material 123 is formed
of a material having a thermal expansion coefficient sub-
stantially equal to or equal to that of the saturable ab-
sorber 122 so as to suppress cracking caused by a stress
during bonding. Further, the laser material 123 is formed
of a material having a refractive index lower than that of
the saturable absorber 122 so as to suppress reflection
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at an interface with respect to the saturable absorber
122. The first to fourth cladding films 124a to 124d are
each formed of a material having a refractive index lower
than that of the saturable absorber 122.

[0125] For example, in the case of using Nd:YAG or
Yb:YAG for the laser material 123, it is appropriate to use
Cr4*:YAG or V3*:YAG having a refractive index (about
1.83) and a thermal expansion coefficient (about
7.8x10°%/K) close to those of Nd:YAG or Yb:YAG, which
is used as a passively Q-switched material in a band of
0.9 to 1.3 um, for the saturable absorber 122, and to use
SiO, (refractive index: about 1.45), Al,O4 (refractive in-
dex: about 1.61), M, (refractive index: about 1.62), M,
(refractive index: about 1.74), or Y,05 (refractive index:
about 1.81) for the first to fourth cladding films 124a to
124d.

[0126] For example, in the case of using Er:glass (re-
fractive index: 1.53) for the laser material 123, it is ap-
propriate to use Co:Spinel having a refractive index
(about 1.70) and a thermal expansion coefficient (about
7.45X1076/K), Co2+:ZnSe or Cr2+:ZnSe having a refrac-
tive index (about 2.49) and a thermal expansion coeffi-
cient (about 7.6 10-6/K), or Co2+:ZnS or Cr2+:Zn$S hav-
ing a refractive index (about 2.29) and a thermal expan-
sion coefficient (about 6.5x10-6/K), which is used as an
eye-safe band passively Q-switched material, for the sat-
urable absorber 122. In the case of using Co:Spinel for
the saturable absorber 122, it is appropriate to use SiO,
(refractive index: about 1.45), Al,O5 (refractive index:
about 1.61), or M, (refractive index: about 1.62) for the
first to fourth cladding films 124a to 124d. Further, in the
case of using Co2+:ZnSe, Cr2+:ZnSe, Co2+:ZnS, or
Cr2+:ZnS for the saturable absorber 122, itis appropriate
to use SiO, (refractive index: about 1.45), Al,O5 (refrac-
tive index: about 1.61), M, (refractive index: about 1.62),
M; (refractive index: about 1.74), Y,O4 (refractive index:
about 1.81), HfO5 (refractive index: about 1.90), or Ta,O5
(refractive index: about2.09) for the first to fourth cladding
films 124a to 124d.

[0127] Further, the saturable absorber 122 is optically
connected to the laser material 123, and for example,
there is a method of optically sintering the saturable ab-
sorber 122, and the laser material 123 with a ceramics
material.

[0128] Further, there is a method of integrally bonding
the saturable absorber 122 to the laser material 123
through diffusion bonding.

[0129] Further, there is a method of integrally bonding
the saturable absorber 122 to the laser material 123
through surface-activated bonding.

[0130] Further, there is a method of integrally bonding
the saturable absorber 122 to the laser material 123
through optical contact.

[0131] Further, there is a method of causing the satu-
rable absorber 122 to adhere to the laser material 123
integrally with an optical adhesive.

[0132] Next, an operation is described. FIG. 15 is a
structural view of a ridge waveguide type passively Q-
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switched laser device 131 using the ridge waveguide type
passively Q-switched element 121. In FIG. 15, the ridge
waveguide type passively Q-switched laser device 131
includes the ridge waveguide type passively Q-switched
element 121, a semiconductorlaser 132, a total reflection
film 134, and a partial reflection film 135. The total reflec-
tion film 134 and the partial reflection film 135 form a
ridge waveguide type resonator.

[0133] Excitation light PL output from the semiconduc-
tor laser 132 passes through the total reflection film 134
to enter the ridge waveguide type passively Q-switched
element 121. The excitation light PL outputfrom the sem-
iconductor laser 132 spreads in a vertical direction and
a horizontal direction. A vertical component of the exci-
tation light PL is confined by the first cladding film 124a
and the second cladding film 124b of the ridge waveguide
type passively Q-switched element 121 and propagates
through the waveguide. Further, a horizontal component
of the excitation light PL is confined by the third cladding
film 124c and the fourth cladding film 124d of the ridge
waveguide type passively Q-switched element 121 and
propagates through the waveguide.

[0134] The laser material 123 in the ridge waveguide
type passively Q-switched element 121 is excited with
the excitation light PL to generate spontaneous emission
light. Part of the spontaneous emission light reciprocates
between the total reflection film 134 and the partial re-
flection film 135 and is amplified every time the light pass-
es through the laser material 123 in the ridge waveguide
type passively Q-switched element 121.

[0135] When a gain increases due to a loss in a reso-
nator including a loss caused by the absorption by the
saturable absorber 122, laser oscillation starts in the res-
onator. At a time of circulation where laser oscillation
occurs, due to the ridge waveguide type passively Q-
switched element 121, a component of resonance light
CL which propagates through the saturable absorber 122
on an outer circumferential side of the waveguide of the
ridge waveguide type passively Q-switched element 121
is absorbed by the saturable absorber 122, and a com-
ponent of the resonance light CL which propagates
through the laser material 123 present in the center por-
tion of the ridge waveguide type passively Q-switched
element 121 passes therethrough without any loss.
Therefore, aloss of high-order mode light increases, and
only lightin a low-order mode oscillates. When oscillation
occurs, the saturable absorber 122 absorbs laser light to
become transparent. Therefore, a loss becomes small,
and Q-switched pulse light in a low-order mode is gen-
erated with satisfactory efficiency. Part of the Q-switched
pulse light serving as oscillation light is extracted from
the partial reflection film 135 as output light OL.

[0136] In the ridge waveguide type laser, light is con-
fined both in the vertical direction and in the horizontal
direction, and hence parasitic oscillation which causes
oscillation in an optical path other than that for oscillation
light is concerned in the case of increasing an excitation
light output. However, in the ridge waveguide type pas-
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sively Q-switched element 121, the saturable absorber
122 is present on an inner side of the first cladding film
124a, the second cladding film 124b, the third cladding
film 124c, and the fourth cladding film 124d, and hence
light which oscillates in an optical path other than that for
the output light OL is absorbed by the saturable absorber
121, with the result that parasitic oscillation can be sup-
pressed.

[0137] As described above, in the ridge waveguide
type passively Q-switched element 121 according to Em-
bodiment 7 of the present invention, the saturable ab-
sorber 122 is optically bonded to all the surfaces of the
laser material 123 parallel to an optical axis, and the first
to fourth cladding films 124a to 124d are provided on the
surfaces of the saturable absorber opposed to the sur-
faces bonded to the laser material 123. Therefore, the
ridge waveguide type passively Q-switched element 121
has a mode selection function besides the original Q-
switch function, and hence Q-switched pulse light in a
low-order mode having satisfactory efficiency can be ob-
tained. Further, the ridge waveguide type passively Q-
switched element 121 also serves as a laser material,
and hence a laser device can be miniaturized, and a cou-
pling loss usually occurring between a waveguide type
laser material and a waveguide type Q-switched element
can be suppressed. Further, it becomes possible to con-
trol a mode also in a waveguide in which a mode cannot
be controlled spatially. Further, cladding films are provid-
ed both in the horizontal direction and in the vertical di-
rection. Therefore, an excitation optical system is not re-
quired, and a laser device can be miniaturized. Further,
parasitic oscillation concerned in the case of increasing
an excitation light output can be suppressed by the sat-
urable absorber present on the inner side of the cladding
films.

[0138] Note that, the present invention is not limited to
each of the above-mentioned embodiments, and it is
needless to say that the present invention includes all
the possible combinations of those embodiments.

Industrial Applicability

[0139] The present invention can be applied to pas-
sively Q-switched elements, passively Q-switched laser
devices, and the like in various fields, which can exhibit
similar effects.

Reference Signs List

[0140] 1, 61 passively Q-switched element, 2, 62 sat-
urable absorber, 3, 23, 43 transparent material, 11, 71
passively Q-switched laser device, 12, 32, 52, 72, 92,
112, 132 semiconductor laser, 13, 33, 53, 73, 93, 113
excitation optical system, 14, 34, 54, 74, 94, 114 total
reflection mirror, 134 total reflection film, 15, 35, 55, 63,
83, 103, 123 laser material, 16, 36, 56, 75, 95, 115 output
mirror, 135 partial reflection film, 21, 41, 61, 81, 101 pla-
nar waveguide type Q-switched element, 121 ridge
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waveguide type Q-switched element, 22a, 42a, 82a,
102a first saturable absorber, 22b, 42b, 82b, 102b sec-
ond saturable absorber, 122 saturable absorber, 23, 43
transparent material, 31, 51, 71, 91, 111 planar
waveguide type Q-switched laser device, 131 ridge
waveguide type Q-switched laser device, 44a, 104a,
124afirst cladding film, 44b, 104b, 124b second cladding
film, 124c third cladding film, 124d fourth cladding film,
PL excitation light, CL resonance light, OL output light,
AX propagation direction axis.

Claims
1. A passively Q-switched element, comprising:

a transparent material having a disk shape or a
cubic shape; and

a saturable absorber having a refractive index
substantially equal to a refractive index of the
transparent material,

wherein the saturable absorber is optically
bonded adjacently to the transparent material.

2. The passively Q-switched element according to
claim 1, wherein the transparent material comprises
a host material for the saturable absorber.

3. The passively Q-switched element according to
claim 1 or 2, wherein the transparent material and
the saturable absorber are integrally sintered with a
ceramics material, integrally bonded through diffu-
sion bonding, or integrally bonded through surface-
activated bonding.

4. A passively Q-switched element, comprising:

a laser material having a disk shape or a cubic
shape; and

a saturable absorber having a refractive index
substantially equal to a refractive index of the
laser material,

wherein the saturable absorber is optically
bonded adjacently to the laser material.

5. The passively Q-switched element according to
claim 4, wherein the laser material and the saturable
absorber are integrally sintered with a ceramics ma-
terial, integrally bonded through diffusion bonding,
orintegrally bonded through surface-activated bond-

ing.

6. The passively Q-switched element according to
claim 4 or 5, wherein the laser material is formed of
one of Nd:YAG and Yb:YAG, and the saturable ab-
sorber is formed of one of Cr4*:YAG and V3*:YAG.

7. The passively Q-switched element according to
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claim 4 or 5, wherein the laser material is formed of
one of Er:glass, Er:-YAG, and Er:YVO4, and the sat-
urable absorber is formed of one of Co:SPINEL,
Co2+:ZnSe, Co2+:ZnS, Cr2+:ZnSe, and Cr2+:ZnS.

8. A planar waveguide type passively Q-switched ele-
ment, comprising:

a transparent material having a planar shape;
and

two saturable absorbers having a planar shape
with a refractive index larger than a refractive
index of the transparent material,

wherein surfaces of the two saturable absorbers
are respectively bonded optically to two surfac-
es of the transparent material.

9. A planar waveguide type passively Q-switched ele-
ment, comprising:

a transparent material having a planar shape;
two saturable absorbers having a planar shape
with a refractive index larger than a refractive
index of the transparent material; and

two cladding films having a refractive index
smaller than the refractive index of the two sat-
urable absorbers,

wherein surfaces of the two saturable absorbers
are respectively bonded optically to two surfac-
es of the transparent material, and

wherein the two cladding films are respectively
bonded optically to surfaces of the two saturable
absorbers opposed to the surfaces bonded to
the transparent material.

10. The planar waveguide type passively Q-switched el-
ement according to claim 8 or 9, wherein the trans-
parent material comprises a host material for the sat-
urable absorber.

11. The planar waveguide type passively Q-switched el-
ement according to any one of claims 8 to 10, where-
in the transparent material and the two saturable ab-
sorbers are integrally sintered with a ceramics ma-
terial, integrally bonded through diffusion bonding,
orintegrally bonded through surface-activated bond-

ing.

12. A ridge waveguide type passively Q-switched ele-
ment, comprising:

a transparent material having a cubic shape;

a saturable absorber having a refractive index
larger than a refractive index of the transparent
material; and

a cladding film having a refractive index smaller
than the refractive index of the saturable absorb-
er,
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wherein the saturable absorber is optically
bonded to an outer circumference of the trans-
parent material, and the cladding film is optically
bonded to a surface of the saturable absorber
opposed to a surface bonded to the transparent
material.

The ridge waveguide type passively Q-switched el-
ement according to claim 12, wherein the transpar-
ent material comprises a host material for the satu-
rable absorber.

The ridge waveguide type passively Q-switched el-
ementaccording to claim 12 or 13, wherein the trans-
parent material and the saturable absorber are inte-
grally sintered with a ceramics material, integrally
bonded through diffusion bonding, or integrally
bonded through surface-activated bonding.

A planar waveguide type passively Q-switched ele-
ment, comprising:

a laser material having a planar shape; and
two saturable absorbers having a planar shape
with a refractive index larger than a refractive
index of the laser material,

wherein surfaces of the two saturable absorbers
are respectively bonded optically to two surfac-
es of the laser material.

A planar waveguide type passively Q-switched ele-
ment, comprising:

a laser material having a planar shape;

two saturable absorbers having a planar shape
with a refractive index larger than a refractive
index of the laser material; and

two cladding films having a refractive index
smaller than the refractive index of the two sat-
urable absorbers,

wherein surfaces of the two saturable absorbers
are respectively bonded optically to two surfac-
es of the laser material, and

wherein the two cladding films are respectively
bonded optically to surfaces of the two saturable
absorbers opposed to the surfaces bonded to
the laser material.

The planar waveguide type passively Q-switched el-
ement according to claim 15 or 16, wherein the laser
material and the two saturable absorbers are inte-
grally sintered with a ceramics material, integrally
bonded through diffusion bonding, or integrally
bonded through surface-activated bonding.

The planar waveguide type passively Q-switched el-
ement according to any one of claims 15 to 17,
wherein the laser material is formed of one of
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Nd:YAG and Yb:YAG, and the two saturable absorb-
ers are formed of one of Cr4*:YAG and V3*:YAG.

The planar waveguide type passively Q-switched el-
ement according to any one of claims 15 to 17,
wherein the laser material is formed of one of
Er:glass, Er:YAG, and Er:YVO4, and the two satu-
rable absorbers are formed of one of Co:SPINEL,
Co2+:ZnSe, Co2+:ZnS, Cr2+:ZnSe, and Cr2+:ZnS.

A ridge waveguide type passively Q-switched ele-
ment, comprising:

a laser material having a cubic shape;

a saturable absorber having a refractive index
larger than a refractive index of the laser mate-
rial; and

a cladding film having a refractive index smaller
than the refractive index of the saturable absorb-
er,

wherein the saturable absorber is optically
bonded to an outer circumference of the trans-
parent material, and the cladding film is optically
bonded to a surface of the saturable absorber
opposed to a surface bonded to the transparent
material.

The ridge waveguide type passively Q-switched el-
ement according to claim 20, wherein the laser ma-
terial and the saturable absorber are integrally sin-
tered with a ceramics material, integrally bonded
through diffusion bonding, or integrally bonded
through surface-activated bonding.

The ridge waveguide type passively Q-switched el-
ement according to claim 20 or 21, wherein the laser
material is formed of one of Nd:YAG and Yb:YAG,
and the saturable absorber is formed of one of
Cr**:YAG and V3*:YAG.

The ridge waveguide type passively Q-switched el-
ement according to claim 20 or 21, wherein the laser
material is formed of one of Er:glass, Er:-YAG, and
Er:YVO4, and the saturable absorber is formed of
one of Co:SPINEL, Co2+:ZnSe, Co2+:ZnS,
Cr2+:ZnSe, and Cr2+:ZnS.

A passively Q-switched laser device, comprising:

the passively Q-switched element according to
any one of claims 1 to 3 provided along a laser
light propagation direction axis;

a laser material;

a spatial resonator; and

an excitation light source for outputting excita-
tion light that optically excites the laser material.

A passively Q-switched laser device, comprising:
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the passively Q-switched element according to
any one of claims 4 to 7 provided along a laser
light propagation direction axis;

a spatial resonator; and

an excitation light source for outputting excita- %
tion light that optically excites the laser material.

26. Aplanarwaveguide type passively Q-switched laser
device, comprising:

10
the planarwaveguide type passively Q-switched
element according to any one of claims 8 to 11
provided along a laser light propagation direc-
tion axis;

a planar waveguide type laser material; 15
a planar waveguide type resonator; and

an excitation light source for outputting excita-

tion light that optically excites the planar
waveguide type laser material.

20

27. A ridge waveguide type passively Q-switched laser
device, comprising:

the ridge waveguide type passively Q-switched
element according to any one of claims 12to0 14 25
provided along a laser light propagation direc-

tion axis;

a planar waveguide type laser material;

a planar waveguide type resonator; and

an excitation light source for outputting excita- 30
tion light that optically excites the planar
waveguide type laser material.

28. Aplanarwaveguide type passively Q-switched laser
device, comprising: 35

the planarwaveguide type passively Q-switched

element according to any one of claims 15to 19

provided along a laser light propagation direc-

tion axis; 40

a planar waveguide type resonator; and

an excitation light source for outputting excita-

tion light that optically excites the planar

waveguide type laser material.

45
29. A ridge waveguide type passively Q-switched laser
device, comprising:

the ridge waveguide type passively Q-switched
element according to any one of claims 20t0 23 50
provided along a laser light propagation direc-

tion axis;

a ridge waveguide type resonator; and

an excitation light source for outputting excita-

tion light that optically excites the ridge 55
waveguide type laser material.

16
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